INTRODUCTION
Genetically modified (GM) crops have been grown in many countries, and the area cultivated with these crops increases yearly, reaching more than 120 million ha by 2007. The majority of GM crops are used as animal feed or processed for food (ISAAA, 2007) . Most commercially-released GM plants are herbicide-, insect-, pest-, or disease-resistant crop plants, for example, showing resistance to the herbicides glyphosate and glufosinate, lepidopteran larvae, or diseases caused by plant viruses (ISAAA, 2007; Snow et al., 2005) . Expansion of the cultivation of GM crops has raised concerns about the environmental consequences of their escape from arable fields, hybridization with wild relatives, and introgression of transgenes into the genomes of wild plant populations (e.g., Lu, 2008; Stewart, 2005; Stewart et al., 2003; Warwick et al., 2003) . In addition, the likelihood that a GM crop might escape is increased by loss and spillage of GM crops during transportation.
T. Nishizawa et al.
the most abundant crop species in seed samples captured in traps established in two motorway tunnels in Germany were wheat (Triticum aestivum L.), cereal rye (Secale cereale L.), and oilseed rape. Depositions of seeds of these crops were associated with the direction of traffic flow. As in the report by Crawley and Brown (2004) , seed spillage and dispersal by vehicles was the likely origin of these crops, since there were no potential seed sources near the tunnels.
The annual Japanese importation of four crops (corn, soybean, cotton, oilseed rape) that presumably contain seeds of GM plants exceeds 23 million t of seeds, of which about 10% is oilseed rape (ISAAA, 2006) . Imported oilseed rape is discharged at several main ports (Kashima, Chiba, Yokohama, Shimizu, Nagoya, Yokkaichi, Sakai-Senboku, Kobe, Uno, Mizushima, KitaKyusyu, and Hakata) and transported to an inland processing factory (by vehicles) along several main national roads. Von der Lippe and Kowarik (2007b) noted the necessity to elucidate losses of GM crops during transport by monitoring the edges of roads and adjacent areas along transportation routes, as these corridors are focal points for monitoring of GM plants in case loss and spillage need to be controlled. This is particularly important for oilseed rape, since this crop is not cultivated commercially in Japan.
Although roads have been implicated as an important escape corridor for GM oilseed rape, this phenomenon remains poorly studied in Japan. In our previous research, we reported the spontaneous occurrence of herbicideresistant GM oilseed rape that had been disseminated as seeds along roadsides in Japan during transport from several major ports (Aono et al., 2006; Saji et al., 2005) . These studies were based on a 1-year sampling, thus the research provided no knowledge about the fate of these herbicide-resistant plants in future years. Oilseed rape can exhibit highly fluctuating population dynamics outside cultivated fields Brown, 1995, 2004; Pessel et al., 2001 ) and potentially cultivable fields (Gruber et al., 2004; Lutman, 1993) . Therefore, more detailed information collected over a longer period was required to reveal the potential invasiveness and persistence of GM oilseed rape under the conditions along Japanese roads.
In the present study, we performed roadside surveys to detect the appearance of oilseed rape plants along Japan's Route 51 for a 3-year period (2005, 2006, and 2007) . Route 51 is one of the main transportation routes in central Japan for imported oilseed rape from the Port of Kashima to Keiyo District. The presence of herbicideresistant individuals of oilseed rape was confirmed at several sites along this road by our preliminary research (Saji et al., 2005) . In addition, we carried out more intensive fixed-route observation along a 20-km part of this road (Fig. 1) . This is the first report on the detailed distribution and the transition of herbicide-resistant oilseed rape plants following loss and spillage along a Japanese road.
RESULTS AND DISCUSSION

Roadside oilseed rape plants along Route 51
We recorded oilseed rape plants at 1147 and 1336 sites in the monitored zone in 2005 and 2006, respectively, but the number decreased substantially to 256 sites in 2007 (Tab. 1). We counted all individuals found growing along the road, but there were some sites where many seedlings were concentrated, such as in square ponds, drains, and gutters ( Fig. 2A) . We treated these dense sites (typically about 50 cm 2 ) as a single site and counted all individuals at that site. We defined a minimum interval between dense sites of about 30 cm. The number of individuals growing along the road in the monitored zone varied widely among the years, with 2162 individuals in 2005, 4066 in 2006, and 278 in 2007 , which is the same order of abundance as the number of sites (Tab. 1). Most individuals were found to grow in a chink between the concrete curbstone and the asphalt road or sidewalk, but some were growing in vacant lots or flowerbeds (Figs. 2 and 3A) .
Each 1-km section of the monitoring route was defined as a segment, and each segment was numbered according to the distance from the starting point. The number of plants in a segment, which reveals variations in the occurrence of the plants within narrow intervals, fluctuated widely among the three years (Fig. 4) .
In segment #15 in 2006, the plants were extremely abundant as a result of the formation of a gutter population, where the mud that accumulated at the bottom of the gutter provided good conditions for seedling establishment. Because it was difficult to count all individuals at this site, we divided it into 4-m subsets and counted all individuals within a 1 × 1-m area of sampling points located throughout the community, separated by 4 m; we then estimated the total number of individuals by extrapolation from these samples. The total length of the gutter population in segment #15 was about 150 m. The gutter population was located in a dip in the road, and the depression was lowest in the dense zone of oilseed rape. The concrete gutter was about 30 cm deep and wide, and was slightly lower than the road surface. In this part of the study area, Route 51 passes through a rice field and its base is raised several meters above the surrounding land (Fig. 3B) . The dominant plant species covering the slope between the road surface and the surrounding land were tall goldenrod (Solidago altissima L.), kudzu vine (Pueraria lobata (Willd.) Ohwi), and wormwood (Artemisia princeps Pamp.), but B. napus was not found. The gutter in segment #15 is presumed to be a location where seeds carried from outside the area would have easily accumulated. An influx of spilled seeds into the gutter is likely to be the source of this large population. However, secondary dispersal may also occur, such as the transport of seeds by moving water during rainy periods. This would contribute to the formation of gutter populations, because seeds on or near the road surface would naturally be washed into the gutters.
The mud habitat at the gutter bottom appears unlikely to support the oilseed rape population in the long term, since the number of plants in this segment decreased to about 2% of the 2006 level the following year. In Japan, some cultivated Brassica plants germinate in autumn and overwinter as a rosette. Brassica napus plants growing in central Honshu, Japan, begin to flower from late March to mid-April, and their siliques mature over the summer. Some early-matured seeds of B. napus begin to fall from early May to June, but most are released during the early summer. Japan has a temperate climate with two long rainy periods: one from mid-June to late July and another from mid-September to early October. The majority of the mud that had accumulated at the bottom of the gutter over the year as well as mud-buried seeds would be swept away by the water flow produced by strong autumn rains. Therefore, additional input of seeds that occurred between the end of the autumn rain and the following spring likely contributed to the formation of the gutter population.
High variability in the presence of oilseed rape, such as that observed in segment #15, was also detected in segments #5 and #12 from 2005 to 2006 (Fig. 4) . Relatively large numbers of individuals (259 in segment #5 and 252 in segment #12) were detected in 2005, but the numbers decreased to less than 1% (2 plants in segment #5) and less than 25% (61 plants in segment #12) of these totals the following year. Therefore, the existence of a gutter does not seem to be necessary for the formation of large oilseed rape populations: in these segments the populations were growing in a chink between the concrete curbstone and the asphalt road or sidewalk. These results suggest that oilseed rape populations may appear, if suitable space provides seeds with a chance to survive.
In the roadside habitats along Route 51, we did not detect massive dispersal or long-term persistence of oilseed rape populations. However, the number of plants that we detected along the road changed dramatically among years. In some areas of Route 51 inside Chiba Prefecture, road improvement work (restoration of the asphalt pavement, widening of sidewalks, and construction of flowerbeds) was performed. For example, during the roadside survey in 2006, we encountered roadwork that involved the widening of sidewalks in some areas of segments #7 and #8. The numbers of oilseed rape plants that were detected in these segments (61 in segment #7 and 92 in segment #8) decreased to less than 30% of this total in the following year (17 plants in segment #7 and 11 plants in segment #8). Roadwork, and especially operations such as the exfoliation of asphalt or the replacement of sand, would greatly affect the survival and the persistence of plants along the roadside. Indeed, where road improvement work was carried out in the previous year, chinks between the curbstone and the asphalt were closed off and few plants became established.
Detection and transition of herbicide-resistant plants
GM oilseed rape plants were detected in each of the three years, but the number decreased each year (Tab. 1, On the west coast of Canada, the frequency of herbicide-resistant oilseed rape found along transportation routes was similar to the rate of GM oilseed rape that was adopted for cultivation (Yoshimura et al., 2006) . According to the trade statistics of the Ministry of Finance Japan, the amount of oilseed rape imported into Japan in 2006 was 2.27 million t, of which about 85.3% was imported from Canada, 14.7% from Australia, and less than 0.004% each from Poland, France, and China. The commercial release of herbicide-resistant oilseed rape varieties in Australia was approved by the Office of the Gene Technology Regulator (OGTR) in 2003, but commercial planting of these varieties was not conducted until (USDA, 2008 .
Spontaneous occurrence of GM oilseed rape in Japan Beckie et al. (2006) estimated that in 2005 over 80% of the oilseed rape area in Canada was devoted to herbicideresistant crops, most of which was the glyphosate-and glufosinate-tolerant varieties. Hence, it has been estimated that over 60% of the oilseed rape seeds imported into Japan have one of two herbicide-resistance genes (for glyphosate and glufosinate). However, the frequency of GM oilseed rape detected along Route 51 over the 3-year period was very low. In addition to Kashima port, imported oilseed rape is discharged at 11 main ports in Japan, and herbicide-resistant oilseed rape has been detected at Chiba, Nagoya, Yokkaichi, Kobe, and A representative roadside along Route 51. Concrete curbstones were buried along an asphalt pavement and drains were installed at intervals of several meters between them. A sidewalk was installed along the roadside strip on the far side of the strip from the asphalt pavement. Most oilseed rape plants were found growing in chinks that formed between the curbstones and the asphalt pavement and in cracks that arose within the sidewalk. Flowerbeds were installed along the sidewalk at intervals of several meters, and vacant lots or the edges of arable fields bordering on the sidewalk also served as habitat for a small number of plants. (B) Illustration of a gutter population that became established in segment #15 of our survey route in 2006. At this location, the asphalt pavement of the road surface has been raised several meters above the surrounding fields for a distance of 300 m. This part of Route 51 passes through a rice field, and a 30 × 30-cm gutter runs alongside the mound. The land slopes gently downward to the rice field from the edge of the gutter.
Hakata ports (Aono et al., 2006; JBCH, 2006) . Explanations of the discrepancy between the occurrence of herbicide-resistant plants along Route 51 and the putative rate of GM oilseed rape within imports are that the imported oilseed rape that landed at Kashima port might have shifted to non-GM, or the nature of the oilseed rape transported along the road, such as its herbicideresistance traits, cultivar, or country of production, might have changed.
As our survey approached the center of Narita City, the number and frequency of glyphosate-resistant oilseed rapes tended to increase (Figs. 5A and 5B). Interestingly, although we detected a large number of plants in segment #15 in 2006, no GM plants were found in this segment. Except for segments #18 and #20, the frequency of glyphosate-resistant plants in each segment was less than 0.2 (Fig. 5B) . However, segments #18 and #20 tended to have higher frequencies of glyphosate-resistant plants.
Spontaneous occurrence of GM oilseed rape in Japan We have no information that would explain why the GM individuals appeared more often in these segments. However, this species can set self-compatible hermaphroditic flowers, in which self-pollination occasionally occurs (Cuthbert and McVetty, 2001; Rakow and Woods, 1987) . Thus, if some B. napus GM individuals became established and self-pollination occurred, then they would be able to reproduce. This might permit the establishment of feral, herbicide-resistant individuals.
Our target zone for the sampling of oilseed rape ranged from 1 to 3 m in width, so the zone may include vacant lots and the edges of arable fields, and comprises flowerbeds at frequent intervals (Fig. 3A) . Road cleaning using Unimog vehicles equipped with a rotating wire brush along the strip closest to the road is conducted by the Ministry of Land, Infrastructure, Transport and Tourism. Though most plants growing in the strip are removed by this cleaning, except some plants growing in drains or gutter bottoms, others might survive the road cleaning, particularly those in flowerbeds and vacant lots. Hence, reproduction of GM individuals in these refuge habitats may contribute to the growth of GM plants in certain zones, such as segment #20, where the glyphosateresistant plants were detected in each of the three years. With the exception of segment #20, the fluctuating appearance of GM plants during the three years could be attributed to variations in the content of GM seeds within the seed pool that spilled from transport vehicles, as the amount of GM seed in the cargoes may differ among transport vehicles.
Glufosinate-resistant plants were not detected again after their appearance in 2005 (Tab. 1, Fig. 5C ). Because the number of these individuals was very low and was limited to only one year, we lack sufficient information to explain the fate of those individuals. However, there are some possible explanations for their disappearance. The male-sterility trait that was introduced into the glufosinate-resistant variety (Mariani et al., 1990) may have interfered with reproduction to a greater extent than in the glyphosate-resistant plants. However, in contrast to the state of the roadside habitats along Route 51, glufosinate-resistant oilseed rape plants frequently appeared in the Yokkaichi port area (Aono et al., 2006; JBCH, 2006) . Hence, it is more likely that a shift in the nature of the imported oilseed rape would be the main cause of reduction in the glufosinateresistant plants. Multiple-herbicide-resistant oilseed rape plants, which possess both glyphosate-and glufosinateresistance genes, were not detected during the 3-year observations, although double-herbicide-resistant seeds had been detected in Yokkaichi area (Aono et al., 2006) . To evaluate the fate of the glufosinate-resistant plants, further long-term demographic study and comparable research on the nature of the imported seeds within and among the region's ports will be needed.
Provenance and environmental concern of oilseed rape plants found along Route 51
Most of the roadside plants rooted in mud that accumulated in chinks between the asphalt and curbstones, but many also were growing in flowerbeds (Fig. 3A) . The feral Brassica species that constitute the natural populations in Japan are mainly B. juncea Coss. and B. rapa L. Spontaneous occurrence of GM oilseed rape in Japan
The distribution of B. napus in the Kashima area, where Route 51 passes through, is restricted to cultivated areas such as flowerbeds, sightseeing gardens, and fallow fields, although a few B. napus population have been observed in riverbanks in western Japan (Aono et al., 2006) . A preliminary study that we conducted in 2004 revealed a few feral populations of B. napus along the monitoring route, and large feral populations of B. juncea were distributed along the riverbanks of the Tone River. Hence, there were few potential populations capable of supplying seeds of B. napus adjacent to the monitoring areas or north of the start of our monitoring. During our preliminary monitoring, however, oilseed rape plants along Route 51 were mainly found along the inbound lane (from Kashima to Narita). Such an asymmetrical distribution of oilseed rape plants between the two sides of the road was also reported by Crawley and Brown (2004) and von der Lippe and Kowarik (2007b) . This evidence suggests that the oilseed rape plants found growing along Route 51 originated as seeds spilled from vehicles during transportation from the Port of Kashima into Keiyo District. The loss of seeds from vehicles would most often occur stochastically rather than systematically, thus the escape of GM seeds from loads of imported seeds would also occur by chance. If the seed spillage from the vehicles was arbitrary, then the distribution of the GM individuals would also be unsystematic, although the randomness of the distribution would be affected by potentially nonrandom variation in the presence of suitable seedbeds (e.g., the regular spacing of flowerbeds).
Although we cannot explain why the high-density population only appeared in the gutter of segment #15 and only in 2006, massive expansion and persistence of feral oilseed rape populations along the monitoring zone were not detected during the three years. Moreover, the frequency of GM individuals among the oilseed rape plants detected along Route 51 was very low, and no spread of GM plants was detected around monitoring zone, at least during this observation period. These results are similar to those of a roadside survey along a cottonseed transport route in northeastern Australia, where Addison et al. (2007) searched for volunteer cotton (Gossypium hirsutum L.) plants along the 1400-km transport route. During the 3-year survey, they found 22 volunteer cotton plants outside the cotton production area, but only one of these plants was GM. More than 90% of the commercially released cotton in Australia is GM varieties (Addison et al., 2007) . They concluded that current transportation practices in northeastern Australia presented negligible risk of establishment of naturalized GM or non-GM cotton populations along roadsides, because the density of volunteer cotton growing outside arable fields was low and they found no evidence of secondary spread.
On the other hand, some arable fields adjacent to Route 51 were used to cultivate brassicaceous vegetables, such as B. rapa (turnip and Chinese cabbage) or B. oleracea var. capitata L. (cabbage) and var. botrytis L. (broccoli). Some of these vegetables are left unharvested and flower in the following spring. Interspecific hybridization between Brassica crops can occur under natural conditions, although the results of hybridization potential differ among various reports (e.g., Chèvre et al., 2004; FitzJohn et al., 2007; Ford et al., 2006; Jørgensen et al., 1996; Légère, 2005; Sheffler and Dale, 1994; Stewart et al., 2003; Warwick et al., 2003; Wilkinson et al., 2003) . Allainguillaume et al. (2006) reported that the fitness decline of hybrids between B. napus and B. rapa in the United Kingdom acted as a means of natural biological containment. However, the importation of brassicaceous vegetables in Japan is expected to increase, especially for cultivars of B. rapa from Asia. The short-term environmental impacts around Route 51 caused by oilseed spillage would be negligible. However, the effects of GM crops on the natural environment must be considered on a case-by-case basis (Chapman and Burke, 2006) . For instance, Yokkaichi and Hakata ports, where GM oilseed rape plants already have been detected, would also be focal areas of environmental concern caused by escaped oilseed rape in Japan.
CONCLUSION
The occurrence of oilseed rape plants, including some GM individuals, was detected in each of the three years. Therefore, it seems that the spillage and loss of oilseed under the current transportation practices in Japan is unavoidable. However, by the end of the flowering season in 2007, we found no large populations of feral B. napus persisting within the monitoring zone and no sign of a fitness advantage of GM seeds. Moreover, conventional B. napus is not grown along the transportation route; thus, there is no concern about the co-existence of GM and non-GM oilseed rape cultivation around the monitoring zone adjacent to Route 51.
To perform a comprehensive risk assessment of oilseed rape seed spillage and loss, it is necessary to address the consequences of establishment, spread, and gene flow to wild relatives or crop species. Although herbicide-tolerance genes seem to be of minor environmental concern under the current circumstances around Route 51, the proportion of glyphosate-resistant individuals in 2007 was higher than in previous years. Thus, evaluating the effect of escaped transgenic oilseed rape plants on feral and domesticated Japanese brassicaceous plant species will require further long-term monitoring and comparative analysis among multiple monitoring sites.
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MATERIALS AND METHODS
Monitoring site
Route 51 is located in the eastern part of Japan's Kanto District. It begins at Chiba City, in Chiba Prefecture, and extends to Mito City, in Ibaraki Prefecture, for a total road length of 124 km. The road passes south of Lake Kasumigaura along the route northeast from Chiba City to Mito City along the Sea of Kashima coast (Fig. 1) . Kashima is one of the major ports in Kanto District, located south of Kashima City, and the Kashima coastal industrial region has developed around the port. Some of the cargoes discharged at the port of Kashima are transported to the capital region along Route 51.
We started our roadside survey at Kitada in Inashiki City, Ibaraki Prefecture, about 20 km west of the port of Kashima, where Route 51 crosses Route 125. The roadside survey extended about 20 km from the starting point at Kitada to the tunnel that passes under the runway of Narita International Airport (Fig. 1) . We surveyed the side of the road leading to Narita City to detect the presence of oilseed rape. The areas adjacent to the monitoring zone have various land-use types, including urban districts, arable areas, paddy fields, compost processing plants, and a steel bridge across the Tone River (the Suigo Bridge).
Roadside survey and specimen collection
The roadside surveys were carried out at the time of flowering of Brassica species, from mid-April to early-June, in 2005, 2006, and 2007 . We performed the census of Brassica individuals and sampled their leaf materials on foot along the same stretch of road along Route 51 in all three years. The monitoring zone ranged in width from 1 to 3 m from the road edge, a zone that contained sidewalk, drains, and flowerbeds (Fig. 3A) . Each individual was identified with a plastic tag that was attached to the plant root, and we recorded its position with respect to the nearest distance marker pole (established at 1-km intervals along the road by the Ministry of Land, Infrastructure, Transport and Tourism) with a pedometer (a rotating wheel that is used to measure distances). To minimize measurement errors, we reset the pedometer at each distance marker.
We collected specimens of the leaves of each plant to test for herbicide resistance, as described in the next section. We collected about 5 cm 2 of leaves from each plant. Some individuals matured extremely early, in which case we sampled fruits if insufficient leaves remained on the stem. Most Brassica plants growing in the monitoring zone were B. napus, but we also found some B. juncea. Identification of specimens as B. napus was based on morphological traits, such as the presence of amplexicaul or semi-amplexicaul leaves, entire or repand (irregularly wavy) leaf margins, a whitish leaf surface, and a large silicula compared with those of B. juncea or B. rapa.
Detection of herbicide-resistance transgenes
Collected leaves were lyophilized and stored in desiccators at room temperature. For our biochemical analyses by means of immunochemical chromatography, we homogenized 10 mg of lyophilized leaves with a mortar and pestle in 200 µL of distilled water and immunochemically analyzed the crude extracts to detect proteins that confer resistance to glyphosate (5-enolpyruvylshikimate-3-phosphate synthase, EPSPS; Comai et al., 1985) or glufosinate (phosphinothricin-N-acetyltransferase, PAT; Thompson et al., 1987) using the Reveal kit (Neogen, Lansing, MI, USA) and the TraitChek LL Test Kit (Strategic Diagnostic Inc., Newark, DE, USA), respectively.
For the DNA analyses, we homogenized 10 mg of lyophilized leaves with a mortar and pestle in 400 µL of phosphate-buffered saline (PBS) buffer (137 mM NaCl, 8.10 mM Na 2 HPO 4 , 2.68 mM KCl, 1.47 mM KH 2 PO 4 , pH 7.4) and dropped the crude extracts on FTA Micro Cards (Whatman, Maidstone, Kent, UK). After desiccating the cards at room temperature for 48 h, 2-mm-diameter discs were punched out. The discs were washed three times with TE (10 mM Tris-HCl, 1 mM EDTA (ethylene diamine tetraacetic acid), pH 8.0) containing 0.5% sodium dodecyl sulfate and then three times with TE alone. Herbicide-resistance genes were analyzed by means of PCR with DNA from the discs used as the template. Nucleotide sequences of the primers were 5'-AAGAACTCCGTGTTAAGGAAAGCGA-3' and 5'-AGCCTTAGTGTCGGAGAGTTCGAT-3' for the cp4 epsps gene that encodes EPSPS, and 5'-ACAAGCACGGTCAACTTCCGTAC-3' and 5'-GAGCGCCTCGTGCATGCGCACG-3' for the bar gene that encodes PAT. Amplifications were carried out in 20-µL reaction mixtures containing 1 X PCR buffer, 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 1 µM of each primer, and 1.5 U rTaq polymerase (Toyobo Co., Ltd., Kita-ku, Osaka, Japan), with 30 cycles of denaturation at 94
• C for 1 min, annealing for 2 min at 65 or 55
• C for cp4 epsps and bar, respectively, and extension at 72
• C for 3 min. PCR was performed in a GeneAmp PCR System 2720 Thermal cycler (Applied Biosystems, Foster City, CA, USA). The PCR-amplified products were then subjected to electrophoresis on 1.5% agarose gel. DNA bands of appropriate sizes were recovered from the gel, and their nucleotide sequences were determined using a DNA sequencer (ABI3730, Applied Biosystems) to confirm that these products corresponded to fragments
